Terminal differentiation of many cell types involves permanent withdrawal from the cell division cycle. The p18
Work over the past decade with several model systems has identified a number of transcription factors that play a critical role in initiating a cascade of events leading to activation of lineage-specific genes and, ultimately, to conversion of precursor cells into functionally specialized cells. Coupled with this process is withdrawal of proliferating undifferentiated cells from the mitotic cell cycle at a specific point in G 1 phase to become permanently arrested, terminally differentiated cells. Myogenesis is a complex, multistep process in which determined muscle precursor cells first enter the differentiation pathway and then undergo phenotypic differentiation which is characterized by the expression of muscle structural genes before fusing to form multinucleated myotubes (reviewed in references 23, 32, and 35) . Irreversible withdrawal from the cell cycle occurs after myogenin induction, and establishment of the postmitotic state is required for the expression of musclespecific contractile proteins. The MyoD family of basic helixloop-helix transcription factors regulates the determination and differentiation of muscle precursor cells and, in conjunction with the MEF2 family of MADS box transcription factors, also activates muscle structural genes. In contrast to the progress in understanding the mechanisms that regulate the initiation of differentiation and the subsequent expression of lineage-specific genes, little is known about how cell cycle arrest is initiated and maintained during terminal differentiation.
Primary control of the eukaryotic cell cycle is provided by the activity of a family of serine/threonine protein kinases, CDKs (cyclin-dependent kinases; see two recent reviews in references 15 and 30) . The enzymatic activity of a CDK is regulated by several mechanisms, including positively by the binding of a cyclin and negatively by the binding of a CDK inhibitor. In mammalian cells, there exist at least two distinct families of CDK inhibitors, represented by the two prototype CDK inhibitors p21 and p16 (31, 34) . p21 (also variously known as CIP1, WAF1, SDI1, and CDKN1), first identified in normal human fibroblasts as a component of quaternary cyclin D-CDK complexes that also contain proliferating cell nuclear antigen, is a potent inhibitor of multiple cyclin-CDK enzymes. The p21 family contains two other related CDK inhibitor genes, p27 Kip1 
and p57
Kip2 . Expression of the p21 gene can be induced by a wide range of cell growth-regulatory signals, including DNA damage, tumor suppressor p53, cellular senescence, and antiproliferative transforming growth factor ␤. Induction of p21 mRNA has also been correlated temporally with terminal differentiation of cultured hematopoietic and myoblast cell lines and during mouse embryo development (10, 11, 27) . These observations led to the suggestion that p21 may play a critical role in causing and/or maintaining cell cycle arrest during cell differentiation. p16
INK4a represents the other family of CDK inhibitors that includes three additionally isolated genes: p15
INK4b (also known as MTS2 and p14) (8, 12, 17) , p18
INK4c (8) , and p19 INK4d (2, 9, 14) . Members of the INK4 gene family are related in sequence and evolution, all encoding proteins composed of four repeated ankyrin motifs and containing an intron interrupting the coding sequence at the same position. Unlike p21, p27, and p57, which bind to and inhibit the activity of a wide spectrum of CDK enzymes, the p16 family of inhibitors specifically regulates two closely related CDK proteins, CDK4 and CDK6. The p16 family suppresses cell growth in a pRb-dependent manner (8, 18, 22) , suggesting a potential mechanism by which these members accomplish this goal; that is, inhibition of active CDK6 and CDK4 kinases prevents phosphorylation of pRb, thereby keeping pRb in its active, growthsuppressing state.
Their biochemical characteristic of inhibiting CDK activity and the induction of their expression by different cell growthinhibitory conditions present CDK inhibitors as a group of ideal molecules to link the cell cycle machinery with a variety of cell growth-regulatory pathways, including terminal cell differentiation. Supporting this hypothesis is the observation that the expression of several CDK inhibitor genes exhibits distinct tissue specificity (8, 9, 36) . To explore the function of CDK inhibitors in cell differentiation, we have recently analyzed the expression of CDK inhibitors and their interaction with target CDK proteins during terminal differentiation by using two model systems, muscle (7) and adipocyte differentiation (28a). We found that during G 1 exit in both cell lineages, the p18
INK4c
protein is markedly induced, more than 50-fold during myogenesis and 12-fold during adipogenesis. Nearly all of CDK6 and a major fraction of CDK4 were complexed with p18 in terminally differentiated C2C12 myotubes and 3T3-L1 adipocytes. Abundant p18 protein and p18-CDK4/6 complexes were also found in adult mouse muscle and adipose tissues. These observations suggest an important role for p18 in causing and/or maintaining the permanent cell cycle arrest associated with terminal cell differentiation. The mechanisms regulating p18 protein induction, however, are unknown. The present study was directed toward this issue.
MATERIALS AND METHODS
Cell culture and transfection. Culture and myogenic induction of murine C2C12 myoblasts (ATCC CRL 1772; American Type Culture Collection, Rockville, Md.) were described previously (7) and were assessed morphologically, with myotubes becoming visible between 4 and 5 days postinduction, and monitored by Northern analysis of the myogenin gene, a genetic marker for myogenesis (Fig.  1A) . For transfection of C2C12 cells, cells were plated at a low density in p100 dishes and allowed to grow to 50% confluence (24 to 48 h after seeding), at which time they were transfected with 12 g of DNA premixed with 36 l of lipofectamine (Gibco-BRL, Gaithersburg, Md.) in a total volume of 6 ml of Optimem-1 medium (Gibco-BRL) in accordance with the manufacturer's instructions. The cells were transfected with 12 g of pcDNA3 or 8 g of the indicated p18 expression plasmid (see Fig. 6A ). The total amount of DNA transfected was adjusted to 12 g with pcDNA3. Following a 5-h incubation with the DNA-lipid mixture, the cells were washed with phosphate-buffered saline (PBS) before replenishment with growth medium. The cells were harvested 24 h posttransfection by trypsinization and then divided into two equal fractions for Northern and Western blot analyses.
NIH 3T3 cells (ATCC CRL 1658) were plated onto six-well plates at a density of 170,000/well 24 h prior to transfection. For each transfection, 1 g of the indicated p18 luciferase plasmid or the corresponding promoterless luciferase plasmid pGL2-Basic (Promega, Madison, Wis.) and 1 g of CMV-LacZ, an internal control for transfection efficiency, were premixed with 6 l of lipofectamine in a total volume of 1 ml of Optimem-1. After incubation with the DNA-lipid mixture for 5 h, the cells were washed with PBS, replenished with fresh medium, and then harvested at 24 h posttransfection for luciferase and ␤-galactosidase assays. All transfections were performed in triplicate.
Luciferase assays. Twenty-four hours posttransfection, cells were washed in PBS and harvested by scraping in 250 l of 1ϫ Reporter lysis buffer (Promega).
The cells were lysed for 10 min at 4°C with rotation and clarified by centrifugation for 5 min at 4°C in a microcentrifuge at maximum speed. Ten microliters of the clarified cell lysate was assayed for luciferase activity as previously described (20) . For ␤-galactosidase assays, 75 l of the clarified lysate was incubated at 37°C with 500 l of Z buffer (21 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 1 mM MgSO 4 , 40 mM ␤-mercaptoethanol [pH 7.0]) containing chlorophenol red-␤-D-galactopyranoside (Boehringer Mannheim, Indianapolis, Ind.) at a final concentration of 0.1 mg/ml. The reaction was stopped by adding Na 2 CO 3 to 260 mM, and the optical density at 595 nm was determined. The luciferase activity for each sample was normalized to ␤-galactosidase activity to control for transfection efficiency. The normalized luciferase activity of the pGL2-Basic plasmid was set to 1.
Genomic and cDNA structure analysis. To determine the structure of the 1.2-kb p18 mRNA expressed in terminally differentiated mouse myotubes, a mouse skeletal muscle cDNA library (Clontech Laboratories, Inc., Palo Alto, Calif.) was screened by using the coding region of human p18 cDNA as a probe (8) at reduced stringency (final wash in 0.1% sodium dodecyl sulfate [SDS]-1ϫ SSC [0.15 M NaCl plus 0.015 M sodium citrate] at 52°C). To determine the structure of the 2.4-kb p18 mRNA expressed in proliferating cells, a lambda cDNA library derived from proliferating NIH 3T3 cells was screened by using the 1.1-kb mouse skeletal muscle p18 cDNA clone as a probe at high stringency (final wash in 0.1% SDS-1ϫ SSC at 68°C). To isolate genomic clones containing the mouse p18 gene, the same 1.1-kb cDNA fragment was used as a probe to screen a FIXII library constructed from 129/SV mouse genomic DNA (Stratagene, La Jolla, Calif.) at high stringency. The complete sequences of the 1.1-kb cDNA clone isolated from a skeletal muscle library, M1 (1,040 bp); the cDNA clone isolated from the NIH 3T3 library, T9 (1,840 bp); and the genomic region 9) . Ten micrograms of each RNA sample was resolved on a 1% agarose-formaldehyde-MOPS gel, transferred to a nitrocellulose filter, and hybridized with a probe derived from the coding region of mouse p18 cDNA (top). The same blot was stripped and rehybridized with a probe derived from the mouse myogenin gene to monitor the progression of myogenesis (middle). Approximately equal amounts of RNA were loaded, as determined by ethidium bromide staining (bottom). (B) Expression of p18 exon 1 during C2C12 cell differentiation. Ten micrograms of total RNA prepared from C2C12 cells cultured in growth medium (lane 1) or in differentiation medium for the time indicated above each lane (lanes 2 to 9) were resolved on a 1% agarose-formaldehyde-MOPS gel, transferred to a nitrocellulose filter, and hybridized with a probe derived from exon 1 of NIH 3T3 cDNA clone T9 (top). Approximately equal amounts of RNA were loaded, as determined by ethidium bromide staining (bottom).
(encompassing all three exons, the exon-intron junctions, and portions of the introns) were determined by the University of North Carolina DNA Sequencing Facility by using an automated sequencing system (ABI-373A; Perkin-Elmer). Two single-nucleotide polymorphisms between the genomic and cDNA sequences of mouse skeletal muscle clone M1 were detected (indicated by asterisks in Fig. 2A) .
Plasmids. The pcDNA3-p18(L) expression plasmid was generated by subcloning a 1,840-bp EcoRI restriction fragment of p18 cDNA clone T9, isolated from NIH 3T3 cells, into expression plasmid pcDNA3 (Invitrogen, San Diego, Calif.) downstream of the phage T7 and cytomegalovirus (CMV) promoters. A DNA fragment corresponding to skeletal muscle p18 cDNA clone M1 was generated by PCR (sense primer; 5Ј-GTAATACGACTCACTATAGGGC-3Ј; antisense primer, 5Ј-ATGGGCCCAACCATCCCAGTCCTTCTG-3Ј). After digestion with ApaI and AflIII and filling in with T7 DNA polymerase, the blunt-ended DNA fragment was subcloned into the EcoRV site of pcDNA3 to generate pcDNA3-p18 (S). The two p18 clones contain identical coding sequences and 3Ј untranslated regions (UTRs), but their 5Ј UTRs differ in length (see Fig. 6A ).
The luciferase constructs were generated by subcloning mouse p18 genomic fragments into the pGL2-Basic luciferase reporter plasmid, which lacks eukaryotic promoter and enhancer sequences. For the luciferase constructs (see the schematic depiction in Fig. 4) , the A nucleotide located within the ATG codon was arbitrarily defined as ϩ1, such that numbering for these constructs represents the distance 5Ј from this nucleotide. RNA analysis and primer extension. Total RNA was prepared by using TRI-REAGENT in accordance with the manufacturer's (Molecular Research Center, Inc., Cincinnati, Ohio) instructions. Ten micrograms of each RNA sample was separated on a 1% agarose-formaldehyde-morpholinepropanesulfonic acid (MOPS) gel and transferred to a nitrocellulose or nylon filter. For nitrocellulose filters, hybridizations were carried out at 60°C for 16 h in a solution containing 5ϫ Denhardt's solution, 2ϫ SSC, 0.1% SDS, 100 g of denatured salmon sperm DNA per ml, 25 M sodium phosphate buffer (pH 7.0), and 10% dextran sulfate. For nylon membranes, hybridizations were carried out at 68°C for 2 h in QuiKHyb (Stratagene) followed by two washes in 2ϫ SSC-0.1% SDS and then two washes in 0.2ϫ SSC-0.1% SDS for 15 min each at 50°C. The p18 probe was either a 0.6-kb cDNA fragment derived from the mouse p18 coding region ( Fig.  1A ; see Fig. 6D ) or a 1.1-kb cDNA fragment corresponding to p18 exon 1 (Fig.  1B) . The myogenin probe was a 1.4-kb mouse myogenin cDNA fragment kindly provided by W. Wright (33) . Ethidium bromide staining was used to demonstrate even RNA loading ( Fig. 1A and B) , or the membranes were stripped and reprobed with a human ␤-actin cDNA probe (see Fig. 6D ). p18 and ␤-actin RNA levels were quantitated with a densitometer (see Fig. 6D ).
Primer extension was performed with 30 g of total RNA from either proliferating or 4-day differentiated mouse C2C12 cells or yeast tRNA (Ambion, Austin, Tex.) as a negative control, by using an antisense oligonucleotide specific for the 2.4-kb p18(L) transcript, primer L, which corresponds to nt 102 to 80 in exon 1 of the NIH 3T3 cDNA clone (5Ј-TTGCCTCTGAAGGTACTGTGCCG-3Ј; underlined in Fig. 2A ). Ten picomoles of primer L was 5Ј end labeled with T4 polynucleotide kinase (New England Biolabs, Beverly, Mass.) and purified through a G-25 Sephadex column. The radiolabeled primer was mixed with total RNA and then precipitated with ethanol. The pelleted samples were resuspended in hybridization buffer consisting of 40 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES; pH 6.4), 1 mM EDTA, 400 mM NaCl, and 80% formamide; denatured at 100°C for 5 min; and allowed to hybridize at 42°C for at least 10 h. Following hybridization, the samples were precipitated with ethanol and then reverse transcribed at 37°C for 2 h in a 20-l volume containing 50 mM Tris-HCl (pH 8.3), 8 mM MgCl 2 , 10 mM dithiothreitol, 40 U of RNase inhibitor (Boehringer Mannheim), 1 mM deoxynucleoside triphosphates, and 50 U of Moloney murine leukemia virus reverse transcriptase (New England Biolabs). The reactions were stopped by adding 1 l of 0.5 M EDTA, and then 1 l of 10-mg/ml RNase A was added and the mixture was incubated for 10 min at 37°C to digest the RNA templates. After addition of 80 l of water and 50 l of 7.5 M ammonium acetate; the samples were extracted once with an equal volume of phenol-chloroform, precipitated with ethanol, and resuspended in 8 l of sequencing loading dye buffer. The reverse-transcribed products were denatured for 3 min at 100°C and resolved by polyacrylamide gel electrophoresis (PAGE) on a 7% sequencing gel. The gel was dried and exposed to film.
In situ hybridization. Paraffin sections of mouse embryos were prepared as previously described (19) . In situ hybridization was performed as previously described (4; also see reference 19 for details). Single-stranded antisense mouse p18 RNA probes were generated by in vitro transcription using [ 33 P]UTP. The p18 probe corresponding to the coding sequence was a 0.6-kb DNA fragment derived from the p18 cDNA clone isolated from a mouse skeletal muscle cDNA library and was prepared by in vitro transcription using a T7 promoter. The p18 probe corresponding to the 5Ј UTR of exon 1 was a 1.1-kb cDNA fragment derived from the p18 cDNA clone isolated from a proliferating mouse NIH 3T3 cDNA library [p18(L); Fig. 2 ] and was prepared by in vitro transcription using an Sp6 promoter.
Coupled in vitro transcription and translation. pcDNA3-p18(L) and pcDNA3-p18(S) (0.1 pmol of each) were linearized with XhoI and used as templates to in vitro transcribe the two species of 5Ј capped p18 mRNAs using T7 RNA polymerase in a Cap-Scribe buffer (Boehringer Mannheim). After digestion of the DNA templates with RNase-free DNase I, the RNAs were precipitated with ethanol, resuspended in water, quantitated by spectrophotometry, and visualized on a 1% agarose-formaldehyde-MOPS gel stained with ethidium bromide. Capped RNA templates (0.1 and 0.5 pmol) were translated in vitro in a rabbit reticulocyte lysate system containing [
35 S]methionine (Promega). Ten microliters of each in vitro translation reaction mixture was immunoprecipitated with an antibody specific to p18 (7) and resolved by SDS-PAGE. The gel was dried, and radiolabeled proteins were quantitated by using a PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
Western blot analysis. Cells were washed in PBS, lysed in Nonidet P-40 lysis buffer and immunoblotted as previously described (16) . The protein concentration of cell lysates was determined by the Bradford assay (Bio-Rad, Hercules, Calif.), and 50 g of total cell lysate was resolved by SDS-PAGE. Equal loading was verified by Ponceau staining and blotting the top half of the membrane with a 1:2,500 dilution of an antibody specific to the CDK2 protein (7) . The bottom half of the membrane was blotted with a 1:2,500 dilution of an antibody specific to p18 (7). Antibodies were visualized by using an ECL detection kit (Amersham) and quantitated by using a densitometer.
RESULTS
Differential expression of p18 mRNA during terminal muscle differentiation. To determine the mechanisms that regulate p18 protein expression during terminal cell differentiation, we analyzed p18 mRNA during myogenesis of cultured C2C12 myoblasts. Total RNA was isolated from C2C12 cells over a time course of induced differentiation, and the steady-state level of p18 mRNA was determined by Northern blot analysis using the mouse p18 cDNA coding sequence as a probe (Fig.  1A) . Two p18 transcripts, referred to hereafter as p18(L) for the longer form and p18(S) for the shorter form, were detected by using this probe. Differentiation of C2C12 myoblasts was monitored by stripping and reprobing the same blot with myogenin, a genetic marker for myogenesis ( lanes 3 and 4) . Twenty-four hours after induction, the steady-state level of p18(L) mRNA began to decline (lane 5) and was reduced to a nearly undetectable level by 5 days postinduction (lane 9). In contrast, a shorter 1.2-kb transcript [p18(S)] not present in proliferating myoblasts (lane 1) became detectable between 12 and 24 h postinduction and steadily increased during differentiation (lanes 4 to 9). The shorter p18 transcript isolated from the early stage of C2C12 cell differentiation (24 to 48 h) exhibited slower mobility than at the later stages (3 to 5 days; compare lanes 5 and 6 to lanes 7 to 9), suggesting the possibility that poly(A) tail lengthening associated with the short p18 transcript may facilitate more active synthesis of p18 protein in cells initially exiting the cell cycle. In proliferating murine macrophages, p18 mRNA is periodically expressed, with its lowest level in G 1 and its highest level during S phase (14) . Thus, while the enrichment of the G 1 cell population caused by the differentiation could explain the observed decline in the p18(L) level, it argues that p18(S) transcript accumulation is a regulatory event. The data also show that the steady-state level of the p18(S) transcript in differentiated cells (lane 9) is similar to or slightly lower than that of the p18(L) transcript in proliferating cells (lane 1), despite the more-than-50-fold induction of p18 protein during C2C12 cell differentiation (7) . Together, these results indicate that there is a preferential switch from the longer p18(L) to the shorter p18(S) transcript during terminal muscle differentiation and Structure of the mouse p18 gene. We sought to determine the structures of both p18 transcripts by isolating their corresponding cDNA clones. Screening of a mouse skeletal muscle library yielded a 1.1-kb cDNA clone (M1) that, given its size and origin, most likely corresponds to the 1.2-kb p18(S) transcript that accumulated in differentiated C2C12 cells (Fig. 1A) . To identify a cDNA clone corresponding to the 2.4-kb p18(L) transcript, we screened a mouse cDNA library derived from proliferating NIH 3T3 fibroblasts, based on the observation that this longer transcript is preferentially expressed in proliferating, undifferentiated myoblasts (Fig. 1A) . Several independent p18 cDNA clones were isolated from the 3T3 library. The longest of the NIH 3T3 clones, T9 (1,840 bp), was completely sequenced. The sequence of T9 contains a 504-bp open reading frame and an apparently truncated 221-bp 3Ј UTR that are identical to those encoded by the shorter 1.1-kb p18(S) M1 cDNA (data not shown). However, T9 contains a 1,115-bp 5Ј UTR that is completely different from the 5Ј UTR of the skeletal muscle cDNA clone, with the exception of an 11-bp sequence immediately upstream from the ATG initiation codon ( Fig. 2A) .
To determine the origin of these two different transcripts, we isolated a mouse genomic clone encompassing the p18 gene. The complete sequences of both p18 cDNAs were identified in the genomic clone. Comparison of the cDNA and genomic sequences revealed that the coding sequence of the p18 gene contains only one intron which is located in a position corresponding to intron 1 in the p16
INK4a gene (in p18, between amino acid residues 43 and 44). This is unlike the p16 gene, whose coding sequence contains a second intron that interrupts the coding sequence prior to the last five amino acid residues (17) . In addition to the two coding exons (exons 2 and 3) that are shared by both p18 cDNAs, the longer p18(L) cDNA contains a noncoding exon (exon 1) that is separated from exon 2 by a 343-bp intron ( Fig. 2A and B) . Another mouse p18 cDNA clone, previously isolated from proliferating T-lymphoma cells (14) , contains a 78-bp 5Ј UTR which includes the 11-bp sequence common to both p18(S) and p18(L) transcripts, as well as 53 bp of a sequence corresponding to that found in the 5Ј UTR of cDNA clone T9 after removing the same 343-bp intron.
To confirm that the cDNA clones isolated from NIH 3T3 cells correspond to the 2.4-kb p18(L) transcript, whose abundance diminishes during C2C12 cell differentiation, exon 1 of clone T9 was used as a probe for Northern analysis of p18 mRNA steady-state levels during myogenesis. This probe only detected the 2.4-kb p18(L) transcript (Fig. 1B) . The pattern of the p18(L) transcript's steady-state level detected by the exon 1-specific probe is the same as that detected by the coding probe (Fig. 1A) . These results indicate that the two p18 transcripts differ mainly, if not only, in the 5Ј UTR and that the two transcripts, one containing noncoding exon 1 and one lacking exon 1, are differentially expressed during myogenic differentiation.
The p18 gene contains two distinct promoters. The two p18 transcripts could be generated by either alternative splicing or promoter switching. The possibility that the 1.2-kb p18(S) transcript was initiated at the same site as the 2.4-kb p18(L) transcript, followed by an alternative splicing event that added a small exon, seems less likely than initiation from a separate promoter, given that the exon 1 probe did not hybridize with the p18(S) transcript (Fig. 1B) and that to generate two transcripts by alternative splicing would require two separate splice donor and acceptor sites on the same transcript. Comparison of the p18(L) cDNA with the p18 genomic sequence identified perfect splice donor and acceptor sites (Fig. 2) . For p18(S), the size of the p18 cDNA clone isolated from the skeletal muscle library [1,040 bp with no poly(A) tail] is very close to the size of the p18 transcript detected by Northern hybridization, estimated as 1.2 kb by us (Fig. 1 ) and 1.1 kb by others (14) . Hence, the skeletal muscle cDNA clone we isolated may be missing only a very small sequence at its 5Ј end. We have examined the genomic sequences and found that no sequence sufficiently resembles a splice acceptor site within the 300-bp intron region upstream of the 5Ј end of the skeletal muscle p18(S) cDNA clone. To determine the mechanism generating the two p18 transcripts, we mapped the p18 transcription start site(s) in both proliferating and differentiated C2C12 cells by primer extension. A 23-mer antisense oligonucleotide primer specific for the longer p18(L) transcript (primer L [underlined sequence in Fig. 2A]) , which corresponds to nucleotides 102 to 80 of NIH 3T3 p18 cDNA clone T9, generated a primer extension product approximately 100 nt long (Fig. 3) . This indicates that clone T9 appears to be full length at its 5Ј end. The level of the p18 extension product is considerably higher in proliferating C2C12 cells than in differentiated C2C12 cells, consistent with its preferential expression in proliferating myoblasts ( Fig. 1A and 3) . To confirm the presence of promoter sequences within this region of the mouse p18 gene, an 876-bp XbaI-NruI genomic DNA fragment spanning this start site was inserted into the pGL2-Basic luciferase reporter plasmid, which lacks eukaryotic promoter and enhancer sequences (Fig.  4B, Luc5) . The resulting plasmid, when transiently transfected into proliferating NIH 3T3 cells, exhibited 9.8-fold induction of luciferase activity compared to the parental pGL2-Basic plasmid (Fig. 4B) . Deletion of the 573-bp SacII-NruI region, which includes the p18(L) start site (Luc3), abolished promoter activity, thus confirming the presence of promoter sequences within this region (Fig. 4B) .
We have also attempted to map the transcription initiation site of the p18(S) transcript. Despite our repeated efforts, however, we failed to conclusively determine the precise transcription start site for the p18(S) transcript by nuclease protection, 5Ј rapid amplification of cDNA ends by PCR, and primer extension. We do not know the exact cause for such difficulties, and we can only attribute them to a high GC content surrounding the 5Ј end of the shorter transcript and/or possible multiple initiation sites, as suggested by the heterogeneous nature of the short transcript (Fig. 1A) . We therefore turned our effort to determining whether a separate downstream promoter exists by assaying for p18 promoter activity by using luciferase reporter promoter assays. A series of partially overlapping mouse p18 genomic DNA fragments spanning exon 1 and intron 1 were subcloned into the pGL2-Basic luciferase reporter plasmid (Fig. 4A) . The resulting plasmids were transiently transfected into proliferating NIH 3T3 cells, and the expression of luciferase activity was measured (Fig.  4A) . A 1,407-bp genomic fragment, Luc10, that starts 65 bp downstream of the initiation site of the first p18 promoter displayed a 9.7-fold induction of luciferase activity (Fig. 4A) , indicating the presence of a second mouse p18 promoter. Serial deletions from both directions were generated from the Luc10 construct to confirm the activity of, and further localize, the second promoter. Two reporter constructs, Luc8 and   FIG. 4 . The mouse p18 gene contains two promoters. DNA fragments containing mouse p18 genomic sequences were subcloned into the pGL2-Basic luciferase reporter plasmid, which lacks eukaryotic promoter and enhancer sequences. The restriction sites used in the construction of these plasmids are indicated. The A nucleotide in the ATG codon has been arbitrarily set to 1. The promoter activity of each construct was determined by measuring the luciferase activity of each construct 24 h after transient transfection into proliferating NIH 3T3 cells. Transfection efficiency was normalized by including a CMV-LacZ expression plasmid. Relative luciferase activity was normalized to ␤-galactosidase activity, and the normalized luciferase activity of the promoterless pGL2-Basic plasmid was set to 1. The data are averages of three independent experiments. The transcription initiation site of the p18(S) transcript, localized by promoter activity assays between the SmaI (nt 854) and HindIII (nt 355) restriction sites (highlighted with a dashed line), has not been precisely determined. (A) Localization of a second mouse p18 promoter; (B) comparison of two promoter strengths.
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Luc11, containing deletions from the 3Ј end of Luc10 both exhibited increased luciferase activity, with Luc11 displaying the highest luciferase activity of the constructs examined, a 24.9-fold increase compared to the parental pGL2-Basic plasmid. The 3Ј end of the mouse p18 genomic sequence present within Luc11 is 239 bp upstream of the 5Ј end of the longest p18(S) cDNA, p18M1 ( Fig. 2A) , that we have isolated, suggesting that p18M1 is truncated at its 5Ј end. A further 162-bp (Luc12) or 804-bp (Luc13) deletion from the 3Ј end of Luc11 resulted in a similar, drastic decrease of luciferase activity. These results indicate that a 162-bp sequence (nucleotides 355 to 517) within exon 1 is required for full activity of the downstream promoter. However, this 162-bp fragment (Luc18) by itself exhibited only weak promoter activity compared to Luc11. An extension of this 162-bp fragment to include an additional 337 nucleotides of the 5Ј sequence (Luc17), but not a shorter 55 bp fragment (to the NheI site; data not shown), restored the promoter activity close to that of Luc11. Notably, the 5Ј end of the Luc17 plasmid is 729 bp downstream from the initiation site of p18(L), ruling out a possible contribution by the upstream promoter and localizing the initiation site for the p18(S) transcript within the 499-bp sequence between SmaI and HindIII.
To further confirm the presence of two distinct promoters within the mouse p18 gene, we compared in the same set of experiments the luciferase activity expressed from the constructs containing the upstream promoter (Luc5) and the downstream promoter (Luc11 and Luc17). All three constructs exhibited significant luciferase activity compared to the pGL2-Basic plasmid (Fig. 4B) . Especially Luc5 and Luc17, which do not share any overlapping sequences, each exhibited promoter activity, consistent with the presence of two distinct and separable regions within the p18 gene that contain promoter sequences.
Expression of p18 mRNA during mouse embryo development. To confirm the differential expression of the p18 gene in vivo, we determined the expression of both species of p18 transcripts in developing mouse embryos by in situ hybridization. By using the mouse p18 antisense RNA probe encompassing the coding sequence, abundant expression of p18 mRNA was detected in differentiated muscle cells of the cervix (Fig. 5A), diaphragm (Fig. 5C ), and heart (Fig. 5E ) in day 15 embryos. In addition to the muscle cells, there was also abundant p18 mRNA in the lung (Fig. 5C ), the liver (Fig. 5E ), the thymus (Fig. 5E) , and the lens of the eye (data not shown). No signal was detected with a sense control probe (data not shown). p18 mRNA was not detected in several tissues, including the neural tube and retina (data not shown). To determine which form of the p18 transcript is highly expressed in these differentiated cells, we conducted in situ hybridization in the same tissues of day 15 mouse embryos by using a p18 antisense RNA probe encompassing the 5Ј UTR (noncoding exon 1) uniquely present in the longer p18(L) transcript. No or extremely low levels of p18 mRNA were detected by this probe in differentiated skeletal muscle cells of the cervix (Fig. 5G) , heart (Fig. 5I), and diaphragm (Fig. 5I) . In addition, the exon 1 probe also failed to detect any p18 mRNA in the lungs (Fig.  5I) and liver (Fig. 5I) . In contrast, the p18(L)-specific probe detected abundant p18 mRNA in adult mouse testis tissue, which contains largely undifferentiated, mitotically active cells (Fig. 5K) . This is consistent with our previous Northern analysis showing a high level of expression of the longer p18(L) transcript in spermatogonia of the adult mouse testis (7, 36) , substantially higher than that of the p18(S) form. These observations provide in vivo evidence correlating expression of the shorter p18(S) transcript with terminal differentiation of several cell types, including the muscle cell lineage. FIG. 5 . Expression of p18 mRNA in mouse embryos. Sagittal sections from E15.0 embryos were hybridized with the mouse p18 antisense RNA probe corresponding to the coding sequences common to both long and short transcripts (A, C, and E) or the 5Ј UTR uniquely present in the long transcript (G, I, and K). Both dark-field (left) and corresponding bright-field (right) photographs are shown. Testis tissue was from 2-month-old mice (K and L). dp, diaphragm; ht, heart; lv, liver; lu, lung; sc, spinal cord; sm, skeletal muscle; ST, seminiferous tubule; ty, thymus; vc, vertebral cartilage.
Translational regulation of p18 mRNA by the 5 UTR. While switching of the p18 transcripts occurs during C2C12 cell differentiation, the steady-state levels of the p18(L) transcript in actively proliferating cells and the p18(S) transcript in differentiated cells are similar (Fig. 1A) . Therefore, induction of p18 protein, from a nearly undetectable level in proliferating C2C12 cells to a 50-fold increase in mature C2C12 myotubes (7), is not regulated by a change in the steady-state level of p18 mRNA. To elucidate the mechanism underlying p18 protein induction, we examined the possibility of a difference in the translational regulation of the two p18 transcripts both in vitro and in vivo. The cDNA sequences encoding the p18(S) and p18(L) transcripts were placed under the control of the heterologous CMV and phage T7 promoters located within the pcDNA3 expression plasmid. The two cDNA sequences contain the same coding and 3Ј UTR sequences but different 5Ј UTRs. The p18(L) cDNA contains the 1,115-bp 5Ј UTR derived from 2.4-kb cDNA clone T9, and the p18(S) cDNA contains the 120-bp 5Ј UTR derived from 1.2-kb cDNA clone M1 (Fig. 6A) . 5Ј capped p18 RNA transcripts were generated in vitro by using T7 RNA polymerase and quantitated by spectrophotometry and gel electrophoresis (Fig. 6B ). Both DNA templates generated a single RNA species of the expected size. The in vitro-transcribed p18 RNA products (0.1 and 0.5 pmol of each) were used as templates for in vitro translation in rabbit reticulocyte lysate. Equal volumes of the translation reactions were immunoprecipitated with antiserum raised against p18, and the samples were resolved by SDS-PAGE (Fig. 6C) . The only translation product generated from either form of p18 RNA is an 18-kDa protein which was recognized by an antibody specific to p18, confirming that both transcripts encode the same protein species (Fig. 6C) . Strikingly, the shorter p18(S) transcript is 50-fold more efficiently translated than the longer p18(L) transcript (Fig. 6C) , providing a plausible molecular basis for p18 protein induction during myogenesis.
The same p18 expression plasmids were transiently transfected into proliferating C2C12 cells to determine if the translational attenuation by the 5Ј UTR in p18(L) observed in vitro was recapitulated in vivo. Twenty-four hours posttransfection, cells were harvested and divided into two fractions for RNA and protein analyses, respectively. The same results were obtained from two independent experiments. Northern blot analysis of total RNA using a probe corresponding to the mouse p18 coding region detected RNA species of the expected sizes (Fig. 6D, top) . The relative amounts of the p18(L) and p18(S) messages were nearly equal, as determined by densitometer scanning of the autoradiograph. Western blot analysis of total cell lysate using an antibody specific for the p18 protein detected 12-fold more p18 protein in cells transfected with the p18(S) plasmid than in cells transfected with the p18(L) plasmid (Fig. 6E, top) . The level of p18 protein in cells transfected with the empty pcDNA3 expression plasmid was undetectable within this exposure time. These results demonstrate that the short p18 transcript lacking 1.1-kb 5Ј UTR exon 1 is significantly more efficient for translation.
DISCUSSION
Regulation of the abundance of CDK inhibitor proteins has been shown to play a critical role in a cell's response to a variety of growth signals. The elevation in the abundance of the CDK inhibitor p21 following DNA damage (6), during cell differentiation (21) , and after induction by gamma interferon (3), as well as induction of the CDK inhibitor p15
INK4b by the antiproliferative cytokine transforming growth factor ␤ (12), are all mediated by transcriptional activation. The protein abundance of the CDK inhibitor p27
Kip1 decreases following mitogen stimulation and is regulated posttranscriptionally, by either a ubiquitin-mediated protein degradation pathway (26) VOL. 18, 1998 p18
or a translational mechanism (1, 13) . In this report, we present the first evidence for the coupled transcriptional and translational regulation of the abundance of a CDK inhibitor, p18 INK4c , in response to the specific cell growth control signal, terminal muscle cell differentiation.
Upon myogenic induction of C2C12 cells, p18 protein is rapidly and markedly induced from negligible levels in proliferating myoblasts to clearly detectable levels within 8 h of myogenic induction, accumulating to a more than 50-fold increase in terminally differentiated myotubes. p18 is the only CDK inhibitor that was found to continuously accumulate during the differentiation process. Induction of p18 protein correlated with increased complex formation, first with CDK6 and then with CDK4, as well as decreased pRb kinase activity of CDK4. In terminally differentiated C2C12 myotubes and in adult mouse muscle tissue, p18 is complexed with nearly all of the CDK6 and half of the CDK4 (7) . In this paper, we present four lines of evidence demonstrating that this rapid and sustained p18 protein induction during C2C12 cell differentiation is largely regulated by coupled transcriptional and translational control. First, p18 mRNA is differentially expressed during G 1 exit of C2C12 cells. Proliferating C2C12 myoblasts preferentially express the larger 2.4-kb p18 transcript whose abundance decreases as C2C12 cells differentiate into terminally differentiated myotubes. Coinciding with this down regulation is the induction of the short 1.2-kb p18 transcript from nearly undetectable level in proliferating cells to the predominating p18 transcript in permanently arrested myotubes. Structural analysis of genomic and cDNA sequences indicates that the two p18 transcripts most likely originate from alternative transcription initiation start sites. Second, the expression of the shorter, but not the longer, p18 transcript correlates with terminal differentiation in vivo during mouse embryo development. Third, the mouse p18 gene contains two distinct promoters that are localized to two separate regions in the genomic DNA; one is upstream of the longer p18(L) transcript, while the other is upstream of the shorter p18(S) transcript. Lastly, while the steady-state level of the shorter p18 transcript in arrested C2C12 myotubes is similar to or slightly lower than that of the longer transcript in proliferating myoblasts, it is significantly more efficiently translated in vitro, as well as in vivo, than the longer p18 transcript, providing a molecular basis for the 50-fold induction and sustained expression of p18 protein during C2C12 cell differentiation. A similar switch of the two species of p18 transcripts was also observed during G 1 exit of murine macrophages, where the shorter transcript is preferentially expressed in cells arrested by growth factor deprivation and the longer transcript is preferentially expressed in proliferating cells (14) . Together, these results suggest that the coupled transcriptional and translational control of p18 expression may not be unique to myogenesis and could potentially be utilized in other cell types to regulate the abundance of p18 protein.
The major structural difference between the two forms of p18 transcripts is in their 5Ј UTRs. Both transcripts contain coding exons 2 and 3 and encode the same protein (Fig. 6A) , but the larger p18 transcript uniquely contains an additional 1.2-kb noncoding exon, exon 1. Removal of this long 5Ј UTR significantly increased translational efficiency (Fig. 6) , indicating an inhibitory effect of the 5Ј UTR encoded by exon 1. Translational inhibition by the 5Ј UTR has been documented in a number of cellular genes that function in regulating cell growth and development (see the recent review in reference 5). cis-acting elements within the 5Ј UTR that may be involved in translational inhibition include high GC content, which has a predictable tendency to form stable stem-loop RNA secondary structures that block ribosomal scanning, multiple upstream AUG codons that encode small open reading frames (uORFs) which can interfere with translation initiation at the downstream AUG codon, and sequences that can be specifically bound by trans-acting factors (RNA binding proteins) to hinder translation. The 5Ј UTR encoded by exon 1 of the p18(L) transcript has an unusually high GC content of 62%, predicting an increased tendency to form stable secondary structures that attenuate the translation of p18 protein. The 5Ј UTR of the longer form of p18 transcript also contains five AUG codons (uORFs) which could potentially encode polypeptides ranging from 12 to 43 amino acids residues in length ( Fig. 2A) . These features may provide a structural basis for the low efficiency of translation of the 2.4-kb p18 transcript, accounting for the low level of accumulation of the p18 protein in proliferating cells. We have not examined possible changes in p18 protein stability that could also contribute to p18 protein accumulation. However, a similar increase in p18 translation efficiency upon removal of the 5Ј UTR in p18(S) observed in vitro, as well as in vivo (Fig. 6C and E) , and the long half-life of the homologous protein p16
INK4a (little change within 3 h of experimental design [28] ) argue against a significant contribution by a change in p18 protein stability.
Our findings raise a question concerning the function of p18 in proliferating cells. As cells exit from the G 0 quiescent state upon growth factor stimulation, the pRb kinase activity of both CDK4 and CDK6 is activated during early to mid-G 1 phase and remains elevated in proliferating cells (24, 25) . Thus, while the high level of p18 protein induced during differentiation and sustained in terminally differentiated cells may play an important role in inhibiting both CDK4 and CDK6, which is necessary for entry into and maintenance of cell cycle arrest, the function of p18 in proliferating cells, if any, is unclear. We suggest that p18 may perform an unidentified surveillancelike function in proliferating cells that requires only a low level of p18 protein synthesized from the p18(L) transcript. The expression of the translationally attenuated longer p18 transcript may provide proliferating cells with the ability to rapidly and reversibly respond to certain growth conditions through translational control, such as a mechanism which removes translational repressor proteins bound to the 5Ј UTR, similar to the iron response element (29) . As cells enter a state of permanent cell cycle arrest, switching to the expression of the translationally efficient, shorter p18 transcript would result in an elevated and sustained level of p18 protein to ensure stable cell cycle arrest, most likely through a pRb-dependent pathway. To date, the only cell cycle-regulatory molecule shown to have an essential, nonredundant role during skeletal muscle development is the retinoblastoma protein (reviewed in references 23 and 32). In addition, differentiated myotubes can re-enter the cell cycle following expression of viral oncoproteins which functionally inactivate pRb, thus supporting a role of pRb in negatively regulating proliferation of these cells and suggesting that the proliferative capacity of these cells is not lost but is actively repressed by pRb. p18 suppresses cell growth in a pRb-dependent manner, suggesting a potential mechanism by which p18 plays a role in the pRb-dependent initiation and maintenance of cell cycle arrest during myogenesis: by directly inhibiting the kinase activity of CDK4 and CDK6, thereby keeping pRb in its active, growth-suppressing state (8) . In support of this is the finding that the retinoblastoma protein functions downstream of the CDK complexes to regulate myogenesis (23, 32) .
The results presented in this paper indicate that the p18 gene is expressed from two promoters: one used primarily in proliferating, undifferentiated myoblast cells and the other used in terminally differentiated, nondividing myotube cells.
Preferential expression of the upstream promoter in dividing cells gives rise to the longer 2.4-kb transcript with a long 5Ј UTR that interferes with translation. Activation of the downstream promoter during cell differentiation leads to expression of the shorter 1.2-kb transcript that is more efficiently translated and, in turn, is responsible for the accumulation of p18 protein. A key issue raised by our findings concerns the unknown mechanism that regulates p18 promoter switching during cell differentiation. The downstream promoter may be repressed in proliferating cells by transcription from the upstream promoter and then become activated by default when the upstream promoter is turned off. Although both promoters exhibited similarly high activities in proliferating cells when linked to a transiently transfected luciferase reporter gene, this cell culture system prevents us from further determining possible repressive effects of the upstream promoter on the downstream one. Alternatively, the two promoters may each be regulated by a different set of trans-acting factors. In either scenario, transcriptional regulation of the p18 gene would involve a specific trans-regulatory factor(s). It is attractive to speculate that a transcription factor(s) that regulates p18 expression may directly participate in the control of myogenesis, thus coupling terminal muscle cell differentiation with cell cycle control. The discovery and characterization of two separate p18 promoters that are differentially expressed during myogenesis should facilitate the identification of such transcription factors.
